Genetic tools such as the Cre-Lox reporter system are powerful aids for tissuespecific cell tracking. For example, it would be useful in examining intervertebral disc (IVD) cell populations in normal and diseased states. A Cre recombinase and its recognition site, loxP have been adapted from the bacteriophage for use in genetic manipulation. The reporter mice used here express the red fluorescent protein, tdTomato with flanking LoxP sites (Rosa26 TdTomato mice). We compared two different Collagen type II (Col2) promoter constructs that drive Cre-recombinase expression in mice: (a) Col2-Cre, which allows constitutive Cre-recombinase expression under the control of the Col2 promoter/enhancer and (b) Col2-CreER, which contains a shorter promoter/enhancer region than Col2-Cre, but has human estrogen binding elements that bind tamoxifen, resulting in Cre-recombinase expression. The goal of the study is to characterize Cre-recombinase distribution pattern in Col2-Cre and Col2-CreER mice using tdTomato as reporter in the spine. The expression patterns of these two mice were further compared with Col2 gene expression in the native mouse NP and AF tissues by real-time PCR. We crossed Col2-Cre mice or Col2-CreER mice with the tdTomato reporter mice, and compared the tdTomato expression patterns. Col2-CreER/tdTomato mice were injected with tamoxifen at postnatal day 7 to activate the Cre-recombinase. TdTomato in the constitutively active Col2-Cre mice was detected in the nucleus pulposus (NP), the entire annulus fibrosus (AF), and in cartilaginous endplate and growth plate cells in the lower lumbar and coccygeal spine. In contrast, when Col2-CreER activity was induced by tamoxifen at P7, tdTomato was limited to the inner AF, and was absent from the NP. We have described the differences in Col2 reporter gene expression, in Col2-Cre/tdTomato and Col2-Cre-ER/tdTomato mouse IVD. The information provided here will help to guide future investigations of IVD biology.
| INTRODUCTION
Genetic tools such as the Cre-Lox reporter system are powerful aids for tissue-specific cell tracking. This genetic manipulation allows promoter activities to be reported using a Cre recombinase and its recognition site, loxP adapted from the bacteriophage P1. For example, it would be useful in examining intervertebral disc (IVD) cell populations in normal and diseased states. Examining the mouse IVD would help in understanding the cellular and molecular mechanisms of IVD development and degeneration, and may help in designing new treatment strategies for the human disease.
Healthy IVDs are composed of a central gelatinous nucleus pulposus (NP), contained by concentric rings of annulus fibrosus (AF), sandwiched between cartilaginous endplates. In humans, more than 85% of the collagen in the NP of the lumbar discs is type II collagen (COL2), while the human AF contains about 50% to 65% COL2. 1 Furthermore, the distributions of each type of collagen in a radial section of the AF of a 5-year-old spine show that their relative proportions varied inversely from being almost all type I collagen (COL1) at the outer edge of the annulus to only COL2 on reaching the NP. 1 This distribution gradient of COL1 and COL2 is similar to that of pig IVD. 2 In adult humans, with aging and degeneration, notochordal cells are replaced with NP cells, along with collagen fragmentation. 3 Because of the importance of type II collagen in the IVD tissues, expression level of Col2 gene 4 or presence of COL2 protein 5 have been frequently used as desirable phenotype markers in cell therapy or tissue engineering efforts. Increased COL2 post injury has been interpreted as an attempt at repair. 6 Although the col2 protein content has been shown to be higher in NP than in AF, we have reported previously that col2 gene expression levels are similar in the bovine NP and AF. 4 In this study, the tissues were directly isolated from the bovine tail, and cells used were primary cell cultures passaged only once. 4 Thus, a more detailed understanding of temporal-spatial distribution of collagen gene expression in the normal disc will build a foundation for future studies of pathophysiology, and answer the question whether using Col2 gene expression as a marker for success in disc repair is appropriate.
Animal models of disc degeneration are useful in understanding the events that initiate degeneration/repair, and in identifying critical steps that may be amenable to intervention, despite key differences between most animals and humans (eg, quadruped vs biped, persistence of notochordal cells, etc.). 7 The main advantages of the mouse model compared with other animals are the capability to perform genetic manipulations during IVD degeneration, and the large number of genetically modified mouse lines available. Our group have established and refined the mouse tail IVD injury model, to facilitate further mechanistic studies. [8] [9] [10] Lumbar spine IVD is prone to degeneration in animals and humans. Therefore, we have included lumbar and tail IVDs in this study.
The reporter mice used here express the red fluorescent protein, tdTomato with flanking LoxP sites (Rosa26 TdTomato mice, also known as Ai9). The reporter mice homozygous for the Rosa-tdTomato conditional allele contain a loxP-flanked STOP cassette, preventing transcription of the red fluorescent protein variant tdTomato. Following Cre-mediated recombination, the STOP cassette would be permanently removed from the genome, resulting in constitutive tdTomato fluorescence expression under control of the synthetic CAG promoter. 11 We compared two different Collagen type II (Col2) promoter constructs that drive Cre-recombinase expression in mice: (a) Col2-Cre, which allows constitutive Cre-recombinase expression under the control of the Col2 promoter/enhancer 12 and (b) Col2-CreER, which contains a shorter promoter/enhancer region than Col2-Cre, but has human estrogen binding elements that bind tamoxifen, resulting in Cre-recombinase gene transcription, followed by translation into Cre recombinase. 13 Specifically, in the Col2-Cre line, the transgene expresses Cre-recombinase under the control of a longer version of the Col2a1 (procollagen type II, alpha 1) promoter than that of the Col-CreER line. 12, 13 The Col2-Cre gene construct consisted of 3 kb of the Col2a1 promoter region, and the first exon and a 3.02 kb fragment of intron 1 enhancer. 12 In contrast, the Col2-CreER transgene contains 1 kb of the Col2a1 promoter, and a 650 bp fragment of the Col2a1 first intron enhancer, along with a mutated ligand-binding domain of the human estrogen receptor (allowing tamoxifen binding to enhance promoter activity; Figure 1 ). 13 The Col2-Cre and Col2-CreER gene expression patterns were compared with real-time PCR data in native IVD tissues, which evidently contain the full length Col2a1 promoter with all its regulatory elements intact. We have also stained filamentous actin (F-actin) with fluorescently-tagged phalloidin, allowing visualization of actin cytoskeleton organization in relation to collagen gene expression.
| METHODS

| Mice
All animal use in this study was reviewed and approved by the Institu- Col2-Cre (JAX stock #003554), 12 Col2-CreER (JAX stock #006774), 13 and C57BL/6j mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were maintained in accordance with the standards for animal housing (group housed with no more than five mice per cage, at 23 C to 25 C with a 12-hour light/dark cycle, and allowed free access to water and standard laboratory pellets).
To generate mice expressing tdTomato in Col2a1-expressing cells (Col2-Cre/tdTomato), Rosa26-TdTomato mice were bred with Col2-Cre mice. 12 The resulting offspring, both male and female, were sacrificed at 6 weeks of age and lumbar and coccygeal spines were isolated for imaging.
Similarly, tdTomato-expressing mice under the control of the inducible promoter Col2-CreER (Col2CreER/Tomato) were generated by breeding Col2-CreER mice 13 with Rosa26-TdTomato mice. Cre-recombinase expression in the resulting offspring was induced with tamoxifen. Specifically, tamoxifen (T5684, Sigma-Aldrich) was dissolved in corn oil at a concentration of 20 mg/mL by shaking overnight at 37 C. Animals received 75 mg tamoxifen/kg body weight intraperitoneally once, at postnatal day 7. The tamoxifen-oil mixture was stored at 4 C until used.
For real-time PCR, eight young adult female C57BL/6j mice aged 8 weeks were used to isolate NP and AF, as described previously. 14 
| Tissue preparation and filamentous actin staining
Lumbar and tail IVDs and portions of the adjacent bony vertebral bodies were isolated immediately after euthanasia. The disc with its surrounding vertebral bodies was lightly fixed with 2% paraformaldehyde for 24 hours. The bone-disc-bone segments were partially decalcified with 12.5% EDTA solution. Actin filaments were stained with Alexafluor488 phalloidin (Thermo Fisher Scientific, Waltham, MA), and covered with mounting medium containing DAPI (Vector Laboratories, Burlingame, CA).
| Confocal microscopy
The tissues were embedded in gelatin, as described by Kusumbe et al. 15 Briefly, samples were incubated overnight at 4 C in 20% sucrose and 2% polyvinylpyrrolidine. Then, samples were embedded in the above solution with the addition of 8% gelatin. The spine tissues were sectioned to 70 μm thickness in their entirety, and mid-sagittal sections were imaged in 3D using a confocal fluorescence microscope (Nikon Eclipse Ti, Minato, Tokyo, Japan), using a step size of 5 μm. Maximum intensity projections of the resulting images are shown.
| Quantification of tdTomato positive areas in Col2-CreER/tdTomato mice
Total and tdTomato-positive thickness was measured on the section with the largest cross sectional IVD area, in both anterior and posterior AF. The measurement and analysis were achieved using Fiji software, an open-source platform for biological-image analysis. 16 
| NP and AF dissection and RNA isolation
Eight mice were used for NP and AF RNA extraction. The lumbar and coccygeal vertebrae were isolated with a scalpel under a dissecting microscope (VistaVision, VWR International, Radnor, PA). First, we identified the NP and AF, as described previously. 14 
| Quantitative real-time PCR
Primer sequences for type I collagen α1 chain (Col1a1) and for Col2a1 were designed based on published sequences, and synthesized by Invitrogen as described previously. 14 by separating the PCR product in a 2% agarose gel. Relative expression was calculated using the 2 -ΔΔCt method, 17, 18 normalized to b2m, which served as an endogenous control. Recently, we reported gene expression profiles in the native mouse NP and AF tissues. 14 In this study, we used four internal controls, and b2m was most comparable between NP and AF when RNA concentration had been taken into consideration. 14 This is the rationale for using b2m as internal control in intact mouse tissues.
| Statistics
To assess differences in gene expression between NP and AF tissues for each NP/AF pair, ΔCT values were analyzed by paired Student's t test. A P-value of ≤.05 was considered statistically significant.
| RESULTS
3.1 | Key differences in red fluorescent reporter protein (tdTomato) expression between the Col2-Cre/ tdTomato mice and Col2-CreER/tdTomato mice We bred Rosa26TdTomato with Col2-Cre mice, 12 or with tamoxifeninducible Col2-CreER mice. 13 In the Col2-Cre mice, the Crerecombinase is expressed under the control of the Col2a1 promoter, which is active in differentiating chondrocytes, notochord and submandibular glands. 12 In contrast, in the Col2-CreER mice the transgene utilizes a form of Col2a1 promoter that is only active with tamoxifen induction. 13 In this study, tamoxifen was injected at postnatal day 7 (P7) to induce Col2 promoter activity.
In the lumbar spine of the Col2-Cre/tdTomato mice, tdTomato was detected in the NP, along with the entire AF, endplates, and growth plates (Figure 2A ). However, tdTomato was not detected in the NP of Col2-CreER/tdTomato mice ( Figure 2B ). Fluorescent proteins were only detected in the inner AF (along with endplates and growth plates) in the Col2-CreER/tdTomato mice. Interestingly, tdTomato was detected in 39.9% of the posterior AF cell layers, more than that in the anterior AF (11.6%; Figure 2 , right panel; n = 4/group; P = .0135).
In the coccygeal IVDs of Col2-Cre/tdTomato mice, the distribution of tdTomato is similar to that in lumbar spine: NP, along with AF, endplates, and growth plates were all positive for Tomato ( Figure 2C ).
In the tail IVDs of Col2-CreER/tdTomato mice, however, only a few layers of the inner AF cells were positive for Tomato, fewer compared with that in the lumbar spine IVDs (n = 4/group; Figure 2D ).
| TdTomato was widespread in cartilaginous cells of Col2-Cre/tdTomato mice
TdTomato was detected in the NP, all layers of anterior and posterior AF, cartilaginous endplate and growth plate cells. As expected, the anterior AF is thicker, with 17 to 23 rings, to accommodate the lumbar lordosis. The posterior AF is thinner, consisting of 10 to 12 rings ( Figure 3A,A 00 ). TdTomato is present in the entire NP of both lumbar and coccygeal IVDs ( Figure 3A 0 ,D) . There is no obvious asymmetry in tdTomato distribution in the coccygeal IVDs: NP, AF, cartilaginous endplates and growth plates, are all positive for tdTomato ( Figure 3D ).
To visualize the cytoskeleton, filamentous actin (F-actin) was stained with phalloidin ( Figure 3B,B 0 ,B 00 ,E). Finally, an overview of the Col2 reporter gene expression, F-actin, and cell nuclei was generated by merging all three images to allow visualization of relative positions of collagen, F-actin and nuclei ( Figure 3C ,C 0 ,C 00 ,F). 
| Tomato expression is absent from the NP of Col2-CreER/tdTomato mice
| Filamentous (F)-actin aligns along the cell membrane in NP
To reveal cytoskeleton organization in the IVD cells, F-actin was stained with phalloidin and nuclei were stained blue with DAPI ( Figure 5 ; n = 4 animals). F-actin, stained green, clearly outlines the NP cell boundaries, suggesting that they align with the cytoplasmic membranes ( Figure 5C,D) . The F-actin distribution pattern is less clear in the AF compared with that of the NP (Figure 5A,B) . It is surprising that normal NP cells are epithelial cell-like, because the NP cells are considered "chondrocyte-like," and one would expect round cell shape.
| Type II collagen (col2a1) and Type I (col1a1) gene expression in the adult mouse IVD by realtime PCR
Although type II collagen is a major component of the IVDs, Col2 gene is expressed at a very low level in both the NP and AF of adult IVD, F I G U R E 4 Col2-CreER/tdTomato 6-week old mouse lower lumbar and coocygeal spine intervertebral disc (IVD). A-C, Lumbar spine IVD; A 0 -C 0 , Nucleus pulposus (NP) of the lumbar spine IVD. A 00 -C 00 , posterior annulus fibrosus (AF) of the lumbar spine IVD. D-F, Coccygeal IVD. Scale bars: 250 μm for the low magnification images and 25 μm for the high magnification images compared with that of Col1a1 ( Figure 6 ). The average ratio of Col2 to b2m (β-2-microglobulin) was 0.0124 in the NP and 0.0138 in the AF. There is no statistically significant difference in col2 gene expression between AF and NP (n = 8, P = .4318; Figure 6A ). Col1 gene expression in AF is higher than in NP (col1/b2m ratio in AF: 6.1569; col1/b2m ratio in NP: 0.1388; n = 8, P = .0022; Figure 6B ).
| DISCUSSION
The major collagen in the NP has been described as type II collagen, and the primary collagen in AF is type I. A previous study performed with Col1-Cre mice demonstrated that the Col1 promoter is active only in the outer AF, 19 consistent with the fact that COL1 is the major collagen in the AF. We were puzzled, however, since we found that Col2 gene expression levels are similar in the bovine NP and AF tissues. 4 In this report, we have used a tdTomato reporter gene to visualize Col2 expression pattern in Col2-Cre and Col2-CreER mice.
We have shown here that tdTomato expression in the spine of Col2-Cre/tdTomato mice is widespread, in all cartilaginous cells (NP, AF, cartilaginous endplates and the growth plates). In the Col2-CreER/tdTomato mice, however, tdTomato is absent in the NP and outer AF when tamoxifen is injected as early as P7. The differences in tdTomato distribution between Col2-Cre and Col2-CreER mice are consistent with findings in Col2-CreER; R26-lacZ mice 20 in that NP did not show significant Cre-recombinase activity. In comparison to F I G U R E 5 F-actin aligns along the cell membrane in the mouse lumbar spine intervertebral disc (IVD). A,B, Low magnification images of lumbar spine IVD. C,D, High magnification images of the nucleus pulposus (NP). Scale bars: 250 μm for the low magnification images and 25 μm for the high magnification images F I G U R E 6 Type II collagen (Col2a1) and type I collagen (Col1a1) gene expression in the 8-week old murine nucleus pulposus (NP) and annulus fibrosus (AF). A, Col2a1 to b2m gene expression ratio. B, Col1a1 to b2m gene expression ratio in mice. **P ≤ .01 work by Zheng et al, 21 our images are of higher quality, due to improved methods as described by Kusumbe et al 15 Using wholemount sections promotes the maintenance of tissue integrity with minimal sectioning artifacts, displayed by our clear NP cytoskeletal structure. Additionally, imaging of this delicate structure in 3D allows us to show maximum intensity projection images which more accurately reflect the presence of rare cell populations and determine their spatial arrangement.
Our findings are reminiscent of the articular cartilage in that Col2 reporter gene expression decreased after birth, 22 and type II collagen has a long half-life in cartilage tissue. 23 Cartilage is similar to NP, in that it has only low regenerative potential likely due to failure to repair the tissues after trauma or with aging. Col2-CreER mouse reporter gene expression in the knee joint varies depending on when tamoxifen is administered. 22 A similar phenomenon may exist in the IVD; thus, a more detailed study of Col2 gene expression during embryogenesis and at different postnatal ages, especially in skeletally mature mice (10-12 weeks of age), 24 would shed more light on the temporal-spatial regulation of this gene.
It is worth noting that in the Rosa-tdTomato reporter mice, robust tdTomato expression is permanent once the Cre-recombinase removes the STOP cassette, because the tdTomato gene expression in the reporter mouse is under the control of a constitutive CAG promoter. 11 Therefore, tdTomato fluorescence pattern only partially recapitulates endogenous native Col2a1 gene expression. Both the Col2-Cre and Col2-CreER promoter used are truncated promoters randomly inserted into the genome. 12, 13 The Col2-Cre promoter included a longer promoter region and intron 1 enhancer 12 and appears to be active in both NP and AF cells. In comparison, the Col2-CreER contains a shorter promoter and intron 1 enhancer, and is largely inactive without an additional enhancer that binds to tamoxifen (Figure 1 ). 13 Recently, efforts to trace the NP cells or notochord-lineage cells with genetic methods have been made. For example, with the Krt19
CreERT, 25 Noto-Cre, 26 the Sonic Hedgehog (shh)-Cre, and the Shh-creERT2 27 strains. Among these mouse strains, the Krt19 CreERT strain targets the NP cells, thus would be very useful in future studies. 25 It is worth noting that tamoxifen-mediated recombination of Krt19CreERT also occurs in multiple endodermal organs and hair follicle stem cells. 28, 29 Noto is expressed in primitive node and hence NotoCre targets all cells from that lineage. 26 An inducible ShhCreERT2 allele is available, 30 but very few NP cells were targeted following Tamoxifen administration to ShhCreERT2 allele in the postnatal mouse IVDs. 21 Real-time PCR, on the other hand, reflects the activity of the natural, full length promoter at the time of tissue collection. In our analysis with real-time PCR, Col2 gene expression level did not differ between NP and AF in the wild-type mice. Mwale et al have shown
Col2 gene expression post saline or Link N injection in the rabbit NP or AF. 31 However, they did not show gene expression in the intact rabbit disc tissue. In this report, in the NP and AF tissues post saline injection, the Col2a1 gene expression to GAPDH ratio is indeed similar. 31 As a future direction, Col2 in situ hybridization analysis will allow direct visualization of RNA to indicate spatial distribution.
Phalloidin staining of the NP reveals that F-actin aligns along the cell surface, likely playing a major role in supporting the NP cells under the high pressure that the spine endures. In contrast, Col2 is distributed throughout the cytoplasm of the NP cells.
An interesting similarity between the mouse AF and those of larger animals is that the anterior AF is thicker than the posterior AF. 32 Clinically, disc herniation is more likely to occur posterolaterally, where the AF is thinner and lacks the structural support from the anterior or posterior longitudinal ligaments. Thus, modeling the human IVD pathology with the mouse model is appropriate, at least from this aspect.
We have described the differences in Col2 gene expression, shown by high resolution images of Col2-Cre/tdTomato and Col2-Cre-ER/tdTomato in the IVD. Specifically, Col2-Cre/tdTomato exhibited fluorescence in both the NP and AF. However, Col2-Cre-ER/tdTomato, with a shorter regulatory region of the Col2 promoter, showed fluorescence only in AF, but not NP. Therefore, care should be taken when considering which mouse to use for understanding IVD development and homeostasis. The information provided here will help to guide future investigations of IVD biology, especially those who use genetic tools to trace IVD cell lineage. 
